Abstract The rheological properties of isotactic and atactic polypropylene melts are analyzed in order to obtain the equilibration time, s e , and monomer friction coefficient, f. A procedure is proposed to determines e from the zero shear rate viscosity, g 0 , using the magnitude of the molecular weight per entanglement, M e , from the literature. This procedure can be applied to both monoand polydisperse linear, entangled polymer melts. For different polymers this procedure gives very similar results compared to the description of the storage and loss modulus of nearly monodisperse linear, entangled polymer melts by molecular based theories, as well as with values of f reported in the literature for linear, non-entangled polymer melts. It is observed that for isotactic and atactic polypropylene M e differs by a factor 1.25 depending on the approach taken. As a consequence, the magnitude of s e and f differ by a factor of about 3.0 and 1.8, respectively. The knowledge ofs e (or f) is of importance in order to obtain a better understanding of flow induced crystallization experiments on iPP.
Introduction
The rheological relevant time scales, as the reptation and longest Rouse time, can be directly related to the molecular weight (distribution) of the melt using molecular theories based on the tube concept (Doi and Edwards 1986) . Alternatively, the rheological response influences the flow induced crystallization dynamics and consequently the semi-crystalline morphology of the material. In particular, the transition from the spherulitic to the so-called 'shish-kebab' morphology changes the solid-state properties of the material (Keller and Kolnaar 1997) . The development of the shish-kebab morphology is generally believed to result from chain stretching of the high molecular weight, HMW, chains in the high end tail of the molecular weight distribution of the melt (Vleeshouwers and Meijer 1996; Keller and Kolnaar 1997; Nogales et al. 2001; Seki et al. 2002) . This implies that for the HMW chains the Deborah number based on the longest Rouse time, s R , De s ¼ s R _ c or s R _ e is larger than 1, with _ c and _ e the shear and extensional rate respectively. The magnitude of s R is related to the molecular weight, M, of the chains via (Doi and Edwards 1986; Larson et al. 2003 )
The knowledge of M e and the equilibration time s e (which is the Rouse relaxation time of a chain of length equal to one tube segment) is thus sufficient to determine s R directly from the molecular weight. (The magnitude of s e is directly related to the monomeric friction coefficient, f (Ferry 1980; Larson et al. 2003) .) This
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A method to extract the monomer friction coefficient from the linear viscoelastic behavior of linear, entangled polymer melts approach is advantageous as it is difficult, if not impossible, to obtain s R for the HMW chains experimentally from the linear viscoelastic regime (van Meerveld et al. 2003) . In addition, it is likely that the stress contribution from the high-end tail is 'screened' by the remaining part of the MWD in shear flows (Graham et al. 2001 ). The drawback is that, to the best of my knowledge, s e or f is not reported in the literature for iPP, which is a popular material for flow induced crystallization experiments. This paper has the goal to obtain the magnitude of s e and f for iPP, as this is helpful to obtain a better understanding of the observations in flow induced crystallization experiments of iPP. In the next section, two procedures are described to obtain s e from molecular based theories for linear, entangled polymer melts. In the following section these two procedures are evaluated for different polymer systems and the resulting magnitudes of f are compared with data reported in the literature, which are obtained for linear, non-entangled polymer melts. One procedure is applied to iPP and aPP in the section after that. Finally conclusions are drawn in the last section.
Theory

Definition of the molecular weight per entanglement from experiments
Before addressing the two procedures to obtain s e the different definitions of the molecular weight per entanglement, M e , are introduced, where we follow the notation as used in Larson et al. (2003) . The magnitude of M e follows from the expression according to Ferry (1980) :
or that proposed by Fetters et al. (1994) :
with R the universal gas constant, T the absolute temperature, q the density and G 0 N the plateau modulus, which is accessible experimentally. For monodisperse melts the magnitude of G 0 N can be determined by, first, integrating the area under the loss modulus vs frequency, G¢¢ vs x, plot (Ferry 1980) , second, from creep experiments (Plazek and Plazek 1983) , or third by using the phenomenological relationship, G 0 N ¼ 3:56G 00 max (Fetters et al. 1994 (Fetters et al. , 1996 (Fetters et al. , 1999 .
Procedure A
The first procedure to determine s e is based on the fit of the storage modulus, G¢(x), and loss modulus, G¢¢(x), by the molecular based model developed by Milner and McLeish (1998) , the improved version by Likhtman and McLeish (2002) , the LM-model, and the dual constraint model of Pattamaprom et al. (2000) and Pattamaprom and Larson (2001) , the DC model. In this section only the relevant differences between the DC and LM model are discussed for the current purpose and the reader is referred to the original papers for the model formulations. The s e (or f) and M e are the only adjustable parameters in both models. However, the DC model is based on M F e and the LM model on M G e . The difference between considering M F e and M G e affects, first, the number of entanglements, second, the numerical prefactor of s e and, third, the numerical prefactor of the time scale of 'early time' primitive path fluctuations,s early , as discussed in detail by Larson et al. (2003) . The resulting differences between the LM and DC model are given in Table 1 . (The significance of the tube length fluctuations changes in a non-linear fashion due to the combined effect of the differences on the time scales given in Table 1 .) In addition two differences between the DC and LM model are of relevance. First, the ratio of the reptation time without tube length fluctuation, s (Pattamaprom et al. 2000) : the molecular weight per entanglement, M e , the modulus, G, the number of entanglements, Z, the equilibration time, s e , the time scale for 'early time' primitive path fluctuations, s early , and the ratio of the longest Rouse time, s R , to the reptation time without tube length fluctuations, s Table 2 . The advantage of this procedure is that a good description of G¢(x) and G¢¢(x) in the terminal, the intermediate and the glassy regime requires a correct magnitude of both s e and M e .
Procedure B
For different reasons G¢(x) and G¢¢(x) cannot be determined experimentally from the terminal to the glassy regime for melts of certain polymers. For example due to, first, the limited benefit from the time-temperature superposition principle (Kraft et al. 1999 ), second, a small temperature window due to a 'high' crystallization temperature and the onset of degradation at relative 'low' temperatures or, third, the difficulty to synthesize a melt of long monodisperse chains (Eckstein et al. 1998) . In many cases only the terminal regime is accessible and the zero shear rate viscosity as a function of the weight averaged molecular weight, M w , can be determined.
In procedure B M G e , or M F e , is taken from the literature (Fetters et al. 1994 (Fetters et al. , 1996 (Fetters et al. , 1999 and the magnitude of s e is determined from the zero shear rate viscosity, g 0 , as predicted by the DC and LM model. Actually, this approach is similar in spirit as reported by Ferry (1980) . The important difference is that in the current approach the effect of tube length fluctuations is incorporated in the DC and LM model, which are essential to predict the scaling g 0 $Z 3.4 . Pattamaprom and Larson (2001) performed a mapping of the double reptation model (Tsenoglou 1987; des Cloizeaux 1988 des Cloizeaux , 1990 on the predicted g 0 of the DC model. Doing so they arrive at the following expression between g 0 and s e :
where M F e is used for consistency reasons. A similar exercise for the LM model, with the constraint release parameter c v equal to one, c v =1.0, (Likhtman and McLeish 2002) gives
again using M G e to be consistent. It is noted that the numerical prefactor in Eq. (5), and consequently the magnitude of s e resulting from Eq. (5), depends on the magnitude of c v .
For many polymers the g 0 as a function of M w is available, which is represented by the phenomenological expression of the form
where the magnitude of a and b are given in Table 3 , which is observed to hold for both mono-and polydisperse melts (Struglinski and Graessley 1985; Berger and Meissner 1992; Aguliar et al. 2003; in agreement with predictions of the DC model (Pattamaprom and Larson 2001). Observation of Table 3 illustrates that in a number of studies the exponent b equals the theoretical value of 3.4, but sometimes b%3.6. It should be noted that for b%3.6 the magnitude of a is roughly an order of magnitude smaller compared to b=3.4 for both PE and aPP. In the next two sections only the expressions with b=3.4 are used, which are consistent with Eqs. (4) and (5).
Application of procedure A and B, and comparison with data in the literature
In this section the magnitude of s e and f are determined for polyethylene, PE, hydrogenated polybutadiene, Table 2 The magnitude of the modulus G, the molecular weight per entanglement, M e , and the equilibration time, s e , for different polymers following from the different procedures. The magnitudes for A-LM are reported in Likhtman and McLeish (2002) , or obtained in the section 'Application of procedure A and B, and comparison with data in the literature', and for A-DC reported in Pattamaprom et al. (2000) and Pattamaprom and Larson (2001 n/a 9.23·10
)9
1.46·10
n/a 2.15·10
)3
h-PBD, 1,4-polybutadiene, 1,4-PBD, atactic polypropylene, aPP, polyisoprene, PI, and polyisobutylene, PIB, and polystyrene, PS, using procedure A in the first subsection, and procedure B in the second subsection. In the third subsection the magnitude of f following from procedures A and B are compared with values reported in the literature for linear, non-entangled polymer melts.
Procedure A for the DC and LM model
The DC model has been compared to experimental results of mono-and polydisperse PS, h-PBD, 1,4-PBD, PI and PE melts in Pattamaprom et al. (2000) and Pattamaprom and Larson (2001) , whereas the LM model is only compared to experiments on nearly monodisperse PS and 1,4-PBD in Likhtman and McLeish (2002) . In order to perform the analysis for a larger number of polymer systems the LM model, with c v =1, is used to describe G¢(x) and G¢¢(x) of the nearly monodisperse h-PBD (Raju et al. 1979) , PI (Fetters et al. 1993) , and aPP (Pearson et al. 1988) . Good agreement between the predictions of the LM model and the experimental results for PI (Fetters et al. 1993 ) and h-PBD (Raju et al. 1979 ) are obtained using s )6 s the linear viscoelastic response of aPP at T=348 K (Pearson et al. 1988 ) is correctly predicted by the LM model; see Fig. 3 . However, the magnitude of M G e is about a factor 1.25 smaller compared to M G e =4000 g/mol, which is obtained after a linear interpolation between the magnitudes reported at T=298 K and T=413 K in Fetters et al. (1994 Fetters et al. ( , 1996 . For M Fetters et al. (1994) .) The chain characteristics and M G e of deuterated head-to-head polypropylene, dhhPP, are nearly identical to that of aPP (Fetters et al. 1994 (Fetters et al. , 1999 Krishnamoorti et al. 2002) . Therefore the description of G¢(x) and G¢¢(x) of the dhhPP melt at T=323 K reported by Gell et al. (1997) is also fitted by the LM model to investigate if the deviation observed for the aPP melts is also found for the dhhPP melt. For q=922 kg/m 3 (Gell et al. 1997) , M G e =2600 g/mol ands e =2.6·10
)4 s the LM model correctly describes G¢(x) and G¢¢(x); see Fig. 4 . Similar to the aPP melts, a good description of G¢(x) and G¢¢(x) of the dhhPP melt by the LM model requires one to take M G e smaller compared to the experimental value of M G e =4360 g/mol. In the case of dhhPP the difference is a factor 1.67. (The magnitude of M G e is the average of the three dhhPP melts investigated by Gell et al. (1997) , which follow from Eq. (3) using the reported values for G 0 N and q by Gell et al. (1997) .) It should be noted that for the aPP samples and dhhPP sample G 0 N J 0 e ‡4 (Pearson et al. 1988; Gell et al. 1997 ) whereas G 0 N J 0 e is in general observed to be around 2.0-2.2 for monodisperse samples (Raju et al. 1981) . This is believed to originate from a high molecular weight tail in the molecular weight distribution (Pearson et al. 1988; Gell et al. 1997 ).
Procedure B for the DC and LM model
For the application of procedure B the experimental relationship for g 0 (M w ) is taken from experiments on polydisperse melts. This is opposite to procedure A which can only be applied to monodisperse systems, at least for the LM model. To be consistent identical magnitudes of M of procedures A and B differ by less than a factor 1.35, except for PE where a factor of 2 difference is observed. The good agreement is partly expected as the description of G¢(x) and G¢¢(x) in the terminal region, where G¢(x)$x )2 and G¢¢(x)$x )1
, by the DC and LM model is closely related to the predicted g 0 .
Comparison with other methods
Finally, the magnitude of f, which is directly related to s e , is compared with values of f reported in the literature. If possible, the magnitude of f is taken from measurements of the self-diffusion coefficient or viscosity of linear, non-entangled polymer melts, which are correctly described by the Rouse model. Contrary to linear, entangled polymer melts the influence of tube length fluctuations, tube dilation and constraint release are not of importance for linear, non-entangled polymer melts.
The s e and f are related to each other via the relationship (Larson et al. 2003 )
with M 0 the monomer molecular weight, b the monomer based segment length and <R 2 > 0 the unperturbed mean square end-to-end distance. The magnitude of f, following from s LM e , using procedure A and B of the LM model are given in Table 4 . For polyisobutylene, PIB, the magnitude of s LM e at T=298 K is obtained from procedure B of the LM model and using the expression for g 0 (M w ) reported by Fetters et al. (1991) . Taking G 0 N =330 kPa and M G e =5700 g/mol (Fetters et al. 1994) this gives s LM e =1.05·10
)3 s at T=298 K. Observation of Table 4 reveals that the magnitude of f following from procedure A and B of the LM model are in agreement with the values reported in the literature. Hence, this demonstrates that a good estimate of s e , or f, can be obtained using procedure A, or B, of the LM model.
Determination of the equilibration time and monomer friction coefficient for isotactic and atactic polypropylene
In the previous section it is shown that, for different polymer systems, procedure B of the LM model is suitable to obtain the magnitude of s e , or f. Therefore this procedure can be applied to determine s e for iPP. Procedure A cannot be followed due to the small temperature window between the temperature of crystallization and degradation in combination with the difficulties to synthesize a melt of long nearly monodisperse iPP chains (Eckstein et al. 1998) . In order to determine s e the magnitude of M Table 5 . For aPP these values are in agreement with those of monodisperse aPP melts.
Second, the magnitude of G 0 N and M G e can be determined from the relationships derived by Fetters et al. (1994 Fetters et al. ( , 1996 Fetters et al. ( , 1999 , based on the concept of the packing length, p. The expressions for p and M G e are (Fetters et al. 1994 )
with B a temperature dependent constant, which equals 0.0516 at T=413 K and 0.0565 at T=298 K (Fetters et al. 1994) . G 0 N subsequently follows from Eq. (3). (For further details the reader is referred to the original paper.) It should be noted that the magnitude of M G e , following from Eq. (9), is in good agreement with the Table 4 Magnitude of the monomer friction coefficient f for different polymers obtained from procedure A of the LM model, A-LM, procedure B of the LM model, B-LM, using Eq. 7. Magnitudes of <R 2 > 0 /M are taken from Fetters et al. (1994 Fetters et al. ( , 1996 Fetters et al. ( , 1999 9.95·10
)11
1.77·10
)10e
0.876 Table 5 The magnitude of the plateau modulus G 0 N , the molecular weight per entanglement, M G e , at a given absolute temperature T, reported in the literature for polydisperse aPP and iPP melts Pearson et al. 1987 b Extracted from Fig. 2 of Haley et al. (2003) c Table 12 -II of Ferry (1980) d Majeste et al. (1998); Pattamaprom et al. (2000) e Table 12 -II of Ferry (1980) for rubbers experimental value for monodisperse melts of many different polymers (Fetters et al. 1994 (Fetters et al. , 1996 (Fetters et al. , 1999 . For iPP and aPP melts the density and the magnitude of <R 2 > 0 /M, as determined by SANS measurement of iPP and aPP chains in the melt, are nearly identical (Zirkel et al. 1992; Schweizer et al. 1995; Eckstein et al. 1998; Fetters et al. 1999; Krishamoorti et al. 2002) . As the parameters in Eqs. (8) and (9) are nearly identical for iPP and aPP melts, this equally holds for M G e . The approximately identical values of iPP and aPP is confirmed by experiments (Eckstein et al. 1998 ), see Table 5 , which are in good agreement with the predicted value from Eq. (9) (see Table 2 of Fetters et al. 1999) .
Third, one may obtain a magnitude of M G e from the description of G¢(x) and G¢¢(x) by procedure A of the LM model. For PI, PS and h-PBD the magnitude of M G e based on this approach is identical to the experimental values for monodisperse melts, which are in good agreement with the predictions from Eq. (9). However, for nearly monodisperse aPP melts at T=348 K a good description of G¢(x) and G¢¢(x) (Pearson et al. 1988 ) by the LM model is obtained provided M G e =3150 g/mol. This magnitude is a factor 1.25 smaller compared to the experimental value for monodisperse aPP melts, M G e =4000 g/mol, reported by Fetters et al. (1994 Fetters et al. ( , 1996 . The variation in the magnitude of M For aPP at T=348 K the first set are the experimental values for the monodisperse melts reported by Fetters et al. (1994 Fetters et al. ( , 1996 , G 0 N =470 kPa and M G e =4000 g/mol, and the second set are those following from the description of G¢(x) and G¢¢(x) by the LM model, G and about a factor 1.8 for f, respectively.
Conclusion
A procedure to estimate the equilibration time, s e , and the monomer friction coefficient, f, from the zero shear rate viscosity, g 0 , of linear, entangled polymer melts is given using the molecular weight per entanglement reported in the literature. For PE, h-PBD, 1.4-PBD, PS and aPP this gives an estimate of s e which is in good agreement with that obtained from the description of G¢(x) and G¢¢(x) using the molecular based model of Likhtman and McLeish (2002) . The magnitude for f is also in good agreement with values reported in the literature for linear, nonentangled polymer melts of PE, PS, PIB and PI and that for a rubber of 1,4-PBD.
For aPP and dhhPP G¢(x) and G¢¢(x) are correctly predicted by the LM model provided the molecular weight per entanglement, M G e , is reduced by a factor 1.25 and 1.67, respectively, compared to the experimental value reported in the literature. Experimental results and the predicted magnitude of M G e , based on the concept of the packing length (Eq. 9), are in good agreement with Table 6 The magnitude of the plateau modulus G 0 N , the molecular weight per entanglement, M G e , the equilibration time,s e , and the monomeric friction coefficient, f, for iPP and aPP based on procedure B of the model of Likhtman and McLeish (2002) , LM. The magnitude of <R 2 > 0 /M is taken from Fetters et al. (1994) and Zirkel et al. (1992) for aPP and from Fetters et al. (1999) and Zirkel et al. (1992) (Fetters et al. 1994 (Fetters et al. , 1996 (Fetters et al. , 1999 or that following from the description of G¢(x) and G¢¢(x) using the model of Likhtmann and McLeish (2002) . Finally, this difference in M G e results into a difference of about a factor 2.9 in the magnitude of s e and about a factor 1.8 in f respectively; see Table 6 . The discrepancy in the magnitude of M G e may be resolved by an analysis of G¢(x) and G¢¢(x) using the LM model for a nearly monodisperse iPP or aPP melt where the magnitude of G In view of the goal to obtain a better understanding of flow induced crystallization experiments on iPP only the longest Rouse time of the high molecular weight chains, s R ¼ s e M=M G e À Á 2 $ fM 2 , is of interest. Here, one can partly benefit from the fact that a smaller M G e is balanced by a smaller s e . Finally, the difference in s R is about a factor 1.8, which is acceptable for the purpose to obtain an estimate of the Deborah numbers for chain stretching the high molecular weight chains.
